This paper presents modelling and dynamic analysis of an on-board rotor with base excitation. A flexible shaft and rigid disc model is considered for idealizing a turbocharger rotor. The nonlinear hydrodynamic journal bearing forces are computed and the discretized equations of motion using finite element method are solved with time integration scheme. The disc unbalance forces are also accounted. The instability regions are identified by inducing varying sinusoidal support excitations. The work gives insights in design of the automobile engine turbocharger rotor mounted on hydrodynamic journal bearings supported with viscoelastic springs.
Introduction
In several instances rotating machinery are found to be situated on a moving supports. For example the vehicle turbocharger and gas turbine rotors are having such a support motion along with internal unbalance forces. The dynamic behavioral study of such a system is therefore very important in vibrations perspective. Several works reported on the behavior of rotors in such situations. In early 1980's the effect of random excitations of the support on the rotor response were studied [1] [2] [3] . Lee et al. [4] studied the effect of shock excitation on the support of a rotor. Elsaeidy et al. [5] proposed the dynamics of rigid rotor mounted on flexible bearing subjected to support excitation.
Most of these earlier works simplified the modelling issues by considering either rotor as a Jeffcott model or analyzing it with approximate methods without considering time varying bearing forces and flexibility of the bearing support system. For the dynamic analysis of systems like rotors, finite element method and transfer matrix method are quite common. Due to its simplicity, transfer matrix technique along with its improved versions has become famous in rotor dynamics. Few of the earlier works are reported first.
Mzaki et al. [6] described the nonlinear dynamics of a support-excited rotor with hydrodynamic journal bearings. Nelson et al. [7] explained about the using of the finite element method for the dynamics of rotor-bearing system. Peletan et al. [8] proposed a comparison of stability computational methods for periodic solution of nonlinear problems with application to rotor dynamics. Dakel et al. [9] explained the dynamic analysis of harmonically excited on-board rotor-bearing system. Kang et al. [10] proposed an investigation in stiffness effects on dynamics of rotor-bearing-foundation systems. Lee et al. [11] proposed a finite element transient response analysis of a rotorbearing system to base shock excitation using the state-space Newmark scheme and compared with experiments. Han et al. [12] described the parametric instability of flexible rotor-bearing system under time-periodic base angular motions. Several other recent works [13, 14] also focused on dynamics of rotors supported on journal bearings. In all above works, the bearings were directly mounted over the support without considering support elasticity.
Present paper focuses on the dynamic modelling of dual disc flexible rotor idealizing a turbocharger rotor system supported on hydrodynamic journal bearings with viscoelastic supporting conditions. The base platform is subjected to excitation which will be transmitted to the rotor and the response levels at different locations in the rotor are estimated. Effect of base excitation frequency and amplitude on the dynamics of rotor is illustrated, with timehistories, phase diagram and frequency responses.
Dynamic Modeling
The proposed rotor model (R) considered is shown in Fig. 1 . It has two discs (D1 and D2) at each end and supported by hydrodynamic journal bearings (HDB1 and HDB2) with an oscillating support (S), through viscoelastic springs. During the modelling, the bearing forces are functions of relative displacements of the shaft Centre with respect to the support motion. Further, the disc unbalances, gravity as well as the viscoelastic force components are treated as external forces. The base motion is approximated as a sinusoidal signal acting in the vertical direction. A simplified finite element model of the rotor system is established using Timoshenko beam theory. As shown in Fig. 2 . There are three shaft elements and four nodes altogether to discretize the simplified rotor. Each node has four degrees of freedom (DOF) including two translations (ux, uy) and two rotational displacements ( x, y). Each journal bearing is supported by viscoelastic spring elements k1, k2 on an oscillating base. Total there are 16 degrees of freedom along with two vertical degrees each at the two base joints. The two discs are represented as lumped masses (rigid bodies) located at the nodes 1 and 4, while the nodes 2 and 3 represent the journal bearings. In addition, the component unbalance forces and gravity due to discs act at nodes 1 and 4 as external excitations. Taking the bending and shearing effect into consideration, the kinetic energy and potential energy of a rotating shaft element can be written as:
The kinetic energy of the each disk can be written as:
The work caused by the mass eccentricity of the disk is:
According to the finite element method, the translation displacements (ux, uy) and rotational displacements ( x, y) of a typical cross section of the shaft unit can be approximated by the following equations: 
Where, N and D are translational and rotational shape function matrices. By introducing the above equations into the kinetic and potential energy expressions and carrying out the integrations over the element length and applying the Hamilton's principle, the following matrix equations of motion for shaft unit and disk are generated: 
Considering the damping effect on rotor, the matrix equation of motion for the whole rotor system can be described as follows:
Where:
The system of equations are thus obtained by assembling equations of shaft, disk and bearing together with supports. The resulting equations with non-proportional damping are written as:
Where Figure 3 shows hydrodynamic bearing consisting of a fixed bearing, rotating shaft and oil film separating the two. Let R, L and Cr =(R-r) are respectively the radius, length and clearance of the bearing. At a constant static load due to rotor weight, the shaft Centre attains an equilibrium position with displacements ux0 and uy0 or equivalently by a static eccentricity e0 and static attitude angle 0 between static load direction and the line of centers. The oil film pressure distribution is governed in a dynamic zone by Reynolds equation and hydrodynamic forces acting on the shaft are obtained by integrating over the bearing. Due to dynamic forces, including mass unbalance, bearing forces and support excitation, the shaft center position displaces at every time second. The dynamic forces with short bearing theory (L/R≤1/4) are given by 
Bearing forces

Viscoelastic support
Viscoelastic supports connecting the hydrodynamic bearings with oscillating base are assumed to have an equivalent stiffness coefficients
, where Kv is the in-phase stiffness of the support and is the damping loss factor of the supporting material. The effective forces at the bearing due to viscoelastic supports connecting the bearing with the support platform are given by 
Where uyb is the y displacement at the bearing and t sin Y y 0 s is support excitation in y direction.
Results and discussion
The equations of motion can be solved conveniently with zero initial conditions using fourth-order Runge-Kutta method or by using ode45 solver in MATLAB. The material and geometric data considered for dynamic modelling of rotor and bearing is shown in the Table 1 . The base platform is subjected to excitation which will be transmitted to the rotor and the response levels at different locations in the rotor can be estimated. The base excitation considered is a translation t cos Z Y 0 0 . Effect of base excitation frequency and amplitude on the dynamics of rotor are illustrated at particular speed of 1200 rpm. Figure 4 shows the time histories at the left bearing node corresponding to the following bearing parameters: radius R=0.04 m, L=0.01m, radial clearance C=200×10
-4 m. It shows the time histories of first bearing for different values of the base amplitude (Z0), at kv =1×10 5 N/m. and base frequency (ω0) =100 rad/sec. It is seen that in all the cases, the system is periodic and as the base excitation amplitude reduces, the steady state reaches must faster. Figure 5 shows the corresponding frequency responses. It is seen that due to high amplitudes of base excitation, there multiple peaks in FFT diagram indicating an unstable condition of the rotor. Figure 6 shows the time histories, and FFT at two different values of excitation frequency ω0. There is no significant effect observed in these figures. Figure 8 shows the corresponding FFT in X-direction at bearing node-1. It is seen that at lower values of support stiffness, there are two distinct peaks corresponding to the two modes of the shaft bearing system. Further, due to the higher value of support stiffness, the two peaks have come close to each other leading to the avoidance of resonance effect. 
Effect of base excitation amplitude
Effect of base excitation frequency
Conclusions
In the present work the dynamic modelling of dual disc flexible rotor idealizing a turbocharger rotor system supported on hydrodynamic journal bearings with viscoelastic supporting conditions is considered and it was analyzed by finite element modeling using Timoshenko beam theory. The rotor supported on short length hydrodynamic journal bearings possesses nonlinear dynamic behavior. The base platform supporting bearing pedestal is subjected to excitation which will be transmitted to the rotor and the response levels at three different parameters of the system were estimated using time integration scheme. It can be concluded that the effect of base amplitude is much higher compared to the base excitation frequency. Also the viscoelastic support considered as a hysteresis damper has appreciable effect on the overall dynamics of rotor. The results have to be validated with an experimental analysis.
